, have been synthesized via decomposition of zirconium fluoride complexes. Their structures were determined by single crystal and X-ray powder diffraction, respectively. The structure of 1 is made of infinite single chains composed of insular Zr octahedra vertex-linked to four PO 4 tetrahedra. Each zirconium is trans-coordinated to two F atoms. The structure of 2 is composed of double chains that can be seen as two condensed single chains of 1, with the elimination of a fluorine atom from the zirconium coordination sphere. Zirconium is octahedrally coordinated, with three triply connected and two doubly connected phosphate tetrahedra, and with a fluorine atom. The structural connection between 1, 2, and layered a-and c-zirconium phosphates is discussed and verified by interconversion experiments. 1 was found to convert into 2 after ageing in its mother liquor, while 2 can be converted into a-ZrP in acidic media. 1 and 2 were found to swell and form stable colloidal dispersions on elution with 0.1 M hydrochloric acid solution. These properties make these one-dimensional zirconium phosphates interesting compounds for application in nanocomposite materials synthesis.
Introduction
Zirconium phosphate chemistry has grown considerably in recent years, taking advantage of two main factors: the development of powerful new technological apparatus and mathematical methods for structure solution from diffraction data, 1 and the increased interest in new functional solids for potential applications in many fields of materials chemistry.
Most research in zirconium phosphate chemistry has been focused on the layered a-and c-phases (a-and c-ZrP), and their derivatives. 2 Due to the great structural flexibility of these two compounds, it is relatively easy to prepare modified a-and c-structured inorgano-organic functional derivatives by means of intercalation or ion-exchange reactions carried out under mild conditions. [2] [3] [4] [5] These derivatives, whose structures are related to those of their parent compounds, were investigated for potential applications in the fields of photochemistry, 6 molecular and chiral recognition, 7 and bio-catalysis. 8 Furthermore, some of these low-dimensional derivatives are being intensely studied as promising materials for applications in nanocomposite and fuel cell technologies. [9] [10] [11] As with aluminophosphates, the extensive application of hydrothermal synthesis methods and the use of amine templating agents, often in non-aqueous solvents, has led to the recent preparation of several new phases with different structures: one-dimensional chains, [12] [13] [14] new layered compounds, 13, [15] [16] [17] [18] [19] and even open-framework 3-D solids. 17, 18, 20 In these new compounds, the introduction of fluorine atoms and/or other monodentate terminal groups into the zirconium coordination sphere enlarged the number of accessible structures. Unlike hydrothermal synthesis, in which high temperatures and pressures are used, the method of precipitation of zirconium phosphates by thermal decomposition of zirconium fluorocomplexes (HF method), traditionally used for the preparation of a-and c-ZrP, and their organic derivatives, is carried out using mild conditions and low temperatures. 21 In 1989, Alberti et al. showed that, by changing the parameters for the synthesis of the monoammonium form of c-ZrP (c-ZrP-NH 4 ) prepared by this method, different compounds could be obtained, many of them not yet characterized. 22 We have recently revised these data with new experiments in order to systematically explore the Zr-H 3 PO 4 -HF-NH 3 system using the HF method. We have been surprised by the richness of the new results that this method was still able to produce. Many new phases have been detected, some of them have been isolated and fully characterized. We have found that starting from the conditions for synthesis of c-ZrP-NH 4 , it is possible to progressively reduce the dimensionality of the product obtained by the incorporation of fluoride terminal groups in the solid structure. New fluorinated zirconium phosphates with double-chain (ribbon) and single-chain one-dimensional structures have been prepared. They were found to partially retain the local topology of the layered parent compound. This paper reports the first data of this investigation.
formed. The precipitates were filtered off and washed with water. Finally, they were left to dry at room temperature. Typical compositions of starting solutions and temperatures used for the preparation of 1 and 2 are reported in Table 1 , as are analytical data for 1 and 2.
Instrumental procedures
The zirconium content of samples was determined gravimetrically by dissolving a weighed amount (0.150 g) in a few drops of concentrated HF, followed by precipitation with cupferron and subsequent calcination to ZrO 2 . Anions (phosphate and fluoride) were determined by ion chromatography. About 0.100 g of sample was refluxed for 3 h with 10 cm 3 of 1 M NaOH; after filtration and dilution to an appropriate concentration, the solution was injected into a Dionex series 2000 i/sp instrument equipped with an IonPack AS4A column and using a buffer solution of composition 1.7 6 10 23 M in NaHCO 3 , 1.8 6 10 23 M in Na 2 CO 3 (3.5 6 10 23 M for fluoride ions) as eluent. H and N elemental analyses were performed with a Carlo Erba 1106 analyser. Coupled thermogravimetric (TG) and differential thermal analyses (DTA) were carried out using a Netzsch STA490C thermoanalyzer under a 20 cm 3 min 21 air flux with a heating rate of 5 uC min
21
. 31 P MAS-NMR spectra were obtained with a Varian 400 MHz spectrometer by collecting undecoupled single pulse spectra (frequency 161.9 MHz, spinning rate 5600 Hz, reference 85% phosphoric acid). Scanning electron microscopy (SEM) micrographs were recorded with a Philips XL30 scanning electron microscope fitted with an LaB 6 electron gun.
X-Ray single crystal data collection and structure refinement for 1
Single crystal diffraction data collection was carried out on a XCALIBUR CCD Oxford Instruments four-circle diffractometer using a graphite monochromator for Mo-Ka radiation (l~0.7107 Å ), operated at 50 kV and 25 mA. 3448 Reflections over the range 5 v h v 35u were collected, of which 2142 were unique, giving metrically monoclinic cell parameters: a1 0.889(3), b~10.520(3), c~12.412
. After correction for Lorentz and polarization effects, and empirical absorption correction using the SADABS package, 23 the discrepancy factor among symmetryrelated reflections was R int~0 .053. The space group P2 1 /n was assigned from the analysis of systematic absences of reflections. The structure was solved by direct methods using the SIR97 package. 24 The refinement was carried out with anisotropic displacement parameters in space group P2 1 /n using the SHELXL-97 program. 25 The final agreement index (R 1 ) was 0.055 for 235 parameters and 1483 reflections with I w 4s(I). Crystal data and details of the refinement are reported in Table 2 . Neutral atomic scattering factor values were used. A structure refinement performed using the ionic scattering curves did not provide significantly different results. All hydrogen atoms were located by Fourier map analysis and refined isotropically. Geometrical restraints on O-H and N-H bond distances were applied. At the same time, isotropic thermal parameters of hydrogen atoms belonging to ammonium groups and water molecules were restrained to be equal to those of the corresponding central atoms, within an e.s.d. of 0.01 Å 3 . At the end of the refinement, no peak larger than 0.59 e Å 23 was present in the final difference Fourier synthesis.
X-Ray powder diffraction data collection and structure refinement for 2 An X-ray powder diffraction (PXRD) pattern of 2 was collected at room temperature, according to the step scanning procedure, with Cu-Ka radiation on a Philips APD X'PERT diffractometer using a PW3020 goniometer equipped with a bent graphite monochromator on the diffracted beam. 0.5u Divergence and scatter slits, and a 0.1 mm receiving slit were used. The LFF ceramic tube was operated at 40 kV and 30 mA. To minimize preferred orientations, the sample was carefully side-loaded onto an aluminum sample holder with an oriented quartz monocrystal underneath.
Cell parameters were unambiguously determined with the TREOR90 program 26 [M(20)~23]. 27 The analysis of the indexed pattern clearly revealed the presence of the following limiting reflection conditions: h00, h~2n; 0k0, k~2n; 00l, l~2n; which suggested P2 1 2 1 2 1 as the probable space group. In addition, a systematic comparison of the number of peaks found and the number of possible peaks in all orthorhombic space groups using the Chekcell program 28 indicated that P2 1 2 1 2 1 was the best choice.
The structure was solved by direct methods with a default run of the EXPO program, 29 by which fifteen of the sixteen atoms of the asymmetric unit were detected. A Fourier difference map, generated using the GSAS program, 30 revealed the position of the remaining oxygen atom [O (7)] of the asymmetric unit. The whole structure was then refined with GSAS. Scale factor, background (20 term polynomial-shifted Chebyschev function), zero shift, cell parameters, and peak profile were first refined. Then, the atomic parameters were refined. Neutral atomic scattering factors were used. The occupancy of the water molecule site was set at 0.5 (from chemical analysis) and was not refined. All the atoms were refined isotropically; thermal parameters of heavy atoms (Zr and P) were refined independently, while those of light atoms (F, O, and N) were refined by grouping them on the basis of their environment, and constraining the program to apply the same shifts within each group. The pseudo-Voigt profile function proposed by Thompson et al. 31 was used to fit the experimental pattern. The asymmetry correction of Finger et al. 32 and the preferred orientation correction along the diffraction vector [001], using the Dollase-March formulation, 33 were applied. However, a very small correction was necessary, as shown by the value of coefficient R 0 , close to 1 (0.98). No correction was made for absorption. Stereochemical restraints were introduced for bond distances [2.03(5) Å for Zr-O, 1.90(5) Å for Zr-F, and 1.53(5) Å for P-O bonds] to avoid divergence in the first stages of refinement. The statistical weight of these restraints was gradually decreased to zero as the refinement proceeded. The first peak of the pattern, at about 7.8u 2h, was excluded from the refinement because of its strong asymmetry. At the end of the refinement, the shifts in all parameters were less than their standard deviations. Crystal data and details of the refinement are reported in Table 3 .
CCDC Table 4 lists the structural parameters, while Table 5 lists selected bond distances and angles for 1. Fig. 1 shows a SEM micrograph of aggregates of 1. The morphology of 1 is characterized by long prismatic crystals, with [010] elongation. The crystal used for X-ray data collection, preventively analyzed by polarizing light microscopy, did not show twinning effects. Fig. 2 shows a polyhedral representation of the structure, while Fig. 3 shows a schematic view of the asymmetric unit. The crystal structure of 1 can be described on the basis of two structural components: the ''framework'', represented by rigid Zr and P polyhedra, and the ''extra-framework'', represented by water molecules and ammonium groups. The framework is built from the ''composite building units'' (CBUs) formed by one Zr octahedron and two P tetrahedra [ Fig. 4(a) Each phosphate tetrahedron shares two corners with two different Zr octahedra, so that each Zr octahedron is bonded to four oxygen atoms belonging to four different phosphates. In addition, two fluorine atoms are trans-coordinated to zirconium. F-Zr-F bonds define an octahedral axis that is approximately perpendicular to the (001) plane.
This type of chain structure can be related to that of krö hnkite-like materials, 34 even though in these compounds the terminal groups are water molecules instead of the fluorine atoms in our compounds. A very similar chain structure was previously described for zirconium phosphate 14 in which the positions of the fluorine atoms are occupied by OH groups [Fig. 4(c) ], probably because the synthesis was carried out in a non-solvolytic medium. However, in this compound, the crystal system, unit cell and CBU topological symmetry are different from those of 1.
Given the hydrogen-bond environments and the displacement parameter values for extra-framework N/O atoms, we hypothesized the different positions for the oxygen atoms belonging to the water molecules and the nitrogen atoms belonging to the ammonium groups. The water molecules lie approximately in a plane parallel to (101) and the ammonium ions lie approximately in a plane parallel to (001) (Fig. 2) . The ammonium ions appear to be chain binders between planes parallel to (001) through a close net of H-bonds with anionic P-O groups and fluorine atoms. For example, the N(3) … O(8) For non-hydrogen atoms, the anisotropic thermal parameters are reported as U eq (U eq is defined as one third of the trace of the orthogonalized U ij tensor). For hydrogen atoms, isotropic thermal parameters (U iso ) are reported.
(above the ammonium plane) and N(3) … O(6) (below the ammonium plane) distances are 2.822(9) and 2.821 (7) (Table 5) . (3) 1.523 (7) N(2) … F(1) 2.824 (7) O (2) (2) 2.926 (8) O (1)
112.0(3) Table 6 and 7 list the structural parameters and selected bond distances and angles for 2, Fig. 6 shows the final Rietveld and difference plot for 2, and Fig. 7 shows a SEM micrograph of aggregates of 2. The morphology of 2 is characterized by fibrous aggregates with prismatic crystals, sometimes flattened. The length of crystals is generally lower than 50 mm. The length/diameter ratio for each fiber is higher than 10. Fig. 8 shows a polyhedral representation of the structure of 2, while Fig. 9 shows a schematic view of the asymmetric unit.
The framework of 2 is built from infinite macroanionic [Zr(PO 4 ) 2 F] n 3n2 chains, running along [100]. Each chain is made of two interconnected 1-type chains, shifted by half a CBU relative to each other. The resultant CBU is made of two connected 1-type CBUs, as shown in Fig. 4(b) . Its topological symmetry is orthorhombic and is composed of two 4-membered rings (two Zr-octahedra and four P-tetrahedra) along [010] and [001], respectively. Each Zr atom is coordinated with two doubly connected PO 4 tetrahedra, and three triply connected phosphate groups, which are linked to the second 1-type chain. Octahedral coordination of zirconium is completed by a fluorine atom, directed along [010] .
The water molecules [O(W)] are directly linked through H-bonds to one chain only, while ammonium ions laterally link the chains through several H-bonds with fluorine atoms and terminal P-O groups; N(2) and N(3) are linked to two different chains, while N(1) forms H-bonds with three adjacent chains. Fig. 5(b) shows the 31 P MAS-NMR spectrum for 2. The presence of two resonances (211.5 and 218.5 ppm) with approximately the same area is in agreement with the structure found. The lower field resonance belongs to P(1), which is connected to three metal atoms, while the higher field resonance derives from P(2), which is connected to only two metal atoms and is more shielded. The small signal at 227 ppm can be unambiguously assigned to PO 4 groups bonded to four metal atoms, probably originating from a small amount of condensed chains, as described in the Discussion section. The shoulder at about 29 ppm should be due to the presence of Only one other example of a zirconium phosphate with a double-chain structure has been previously reported: Zr(HPO 4 )(PO 4 )F 2 ?1.5enH 2 (en~ethylenediamine). 12 In this case, the F/Zr molar ratio in the solid is 2 and each zirconium octahedron is coordinated to three triply connected and one monodentate phosphate tetrahedra. For comparison, this chain structure is shown in Fig. 4(d) .
Thermal behavior Fig. 10 shows TG and DTA curves for 1 and 2. Only 2 shows a well-defined weight loss at low temperature (below 100 uC) that can be attributed to the loss of hydration water. Both TG curves show complex and unresolved steps in the 100-500 uC range. At the end of the analysis, only cubic ZrP 2 O 7 was detected for both samples.
Discussion
Synthesis-structure correlation Fig. 4(c) -(e) show the chain structure of all the one-dimensional zirconium phosphates found in the literature. They were all prepared under hydrothermal conditions using high temperatures and pressures. In two cases [compounds (c) and (d) in Fig. 4 ], organic solvents were used. Although these methods can provide access to new structures, the results are often difficult to predict. 18, 35 In contrast, the synthesis of a-and c-ZrP is generally carried out using mild conditions and low temperatures, by first complexing Zr(IV) with fluoride ions and then leaving these complexes to thermally decompose in a phosphate solution.
Although not yet demonstrated, it is probable that under these conditions the solid is formed by gradual replacement of fluorine atoms coordinated to zirconium with tetrahedral phosphate building units present in the solution. Different compounds are formed depending on the different phosphate species in the reaction mixture. Table 1 reports the typical synthesis conditions employed for the preparation of a-and c-ZrP. They are compared with those used for the preparation of the new one-dimensional compounds.
When free phosphoric acid is used, the reaction mixture is very acidic (pH around 0.5) and a-Zr(HPO 4 ) 2 ?H 2 O is formed. When one proton of phosphoric acid is neutralized with ammonia, c-ZrPO 4 (NH 4 HPO 4 ) is formed, 22 as shown in Table 1 . In this case, the initial pH of the reaction mixture was about 3.5. Attempts to obtain new structures by changing only the F/Zr molar ratio in the solution, starting from these two typical reactions, were unsuccessful. The two parent compounds were still obtained with a small F/Zr increase, but no reaction was observed when this ratio was higher than 10.
When the ammonia/phosphoric acid and F/Zr molar ratios were set to 2 and 10, respectively, the incorporation of 1 mol of fluoride per mol of Zr was observed, with the formation of 2. A further increase in the F/Zr ratio to 12 and a small decrease in the reaction temperature (from 80 to 70 uC) induced the incorporation of 2 mol of fluoride, as observed in 1. In both syntheses, the initial pH was around 7. Under these conditions, the formation of the fluorinated compounds 1 and 2 may be due to the large amount of free fluoride ions in the reaction mixture. Furthermore, a decrease in the reaction temperature tends to stabilize Zr-F coordination bonds and also the more fluorinated compound 1.
Structure interconversion experiments
The single chain of 1 is one of the simplest structures ever observed for zirconium phosphates. From this archaeotype, different phosphate structures can ideally be obtained by iterated condensation of adjacent chains with NH 4 F elimination. For example, the double-chain structure of 2 can be obtained by a condensation of pairs of single chains of 1 [ Fig. 11(a) and (b) ]. Furthermore, the structure of 2 is topologically close to that of both layered c-and a-ZrP. c-ZrP layers can be obtained by an iterated condensation of chains of 2 through the replacement of fluorine atoms with triply connected phosphates from adjacent chains [ Fig. 11 Due to this structural similarity, preliminary experiments were carried out to find a possible common reaction path, from the single chains of 1 to 2, and then to the more complex layered structures.
When 1, once formed, was left to stand at 70 uC in its mother liquor, the solid was found to gradually convert into 2; after about 48 h, pure 2 was obtained. Therefore, 1 seems to be a real intermediate phase for the formation of 2. However, a dissolution-recrystallization process cannot be excluded as an alternative pathway.
On the other hand, the synthesis conditions for the preparation of 2 are very different from those typical of layered a-and c-ZrP, and, as expected, no interconversion was observed after ageing of 2 in the 70-120 uC temperature range. However, the conversion of 2 into a-ZrP was observed in an acidic medium, as descibed below.
When 1 and 2 were eluted in excess 0.1 M HCl (5 mol of acid per mol of compound), NH 4 1 -H 1 ion exchange occurred and terminal P-O groups of the chains were converted into their hydrogen forms. The removal of ammonium ions from the structure, and the high acidity of the P-OH groups formed induced the solvation of the chains and a rapid swelling of the crystals was observed, with the formation of stable colloidal dispersions. After filtration, the solids spontaneously regenerated a colloidal dispersion when put in water. The swollen solids, quickly separated from their mother liquors, appeared to retain their typical fibrous character, although a destructurization of crystals was clearly evident (Fig. 12) . When a colloidal dispersion of 2 was left to stand in the above hydrochloric acid solution, for 3 days at room temperature, conversion into semicrystalline a-ZrP was observed. Under these conditions, the low pH of the reaction mixture (approximately 2) probably favored the replacement of fluorine by the highly acidic H 2 PO 4 groups, with the consequent formation of the layered structure. The SEM image of 2 after this treatment shows the formation of small semicrystalline platelets, characteristic of a layered compound (Fig. 13) . Again, a dissolution-recrystallization process cannot be excluded in this case, even though it would be very slow at room temperature.
Conclusions
Two new low-dimensional zirconium phosphates have been prepared and characterized. Due to their ability to swell and form colloidal dispersions, together with the relatively high acidity of their surface phosphate groups, these compounds are very attractive for the preparation of nanocomposite materials for catalysis and proton conductivity applications.
